ABSTRACT
Although clinical advice to pregnant women with asthma is to maintain optimal therapeutic management, the potential adverse effects of their condition and indicated treatments on fetal development remain uncertain. Current figures from the USA show that at least 8% of women have active asthma in pregnancy and 14% were diagnosed previously, 1 placing asthma medications in the second most commonly used drug class in pregnancy. 2 Congenital malformations are the leading cause of infant mortality in the USA 3 and the second leading cause in the UK, 4 but currently published asthma management guidelines in these countries 5 6 include only five epidemiological studies assessing teratogenic effects of asthma treatments against unexposed comparisons.
7-11 None of these studies reported increased risks of congenital malformation, but the available statistical power was very limited. 12 More recently, larger studies have been conducted in Hungary 13 and Sweden. 14 The first 13 found that mothers of children with malformations had a 20% greater risk of having asthma compared with mothers of children without malformations; however, asthma drug use was self-reported after a malformation outcome was known and the proportions of drug-exposed women were extremely small. 15 16 In Sweden 14 a small (9%) but statistically significant increase in congenital malformation was found in children of women reporting use of antiasthmatic drugs in pregnancy compared with nonusers, although no consistent pattern of malformations was identified and the authors concluded that further large studies were needed. There remain no large analyses of current UK prescribing of asthma medications in women with congenital malformations in offspring.
There is a clear need for further surveillance data 17 on the safety of asthma medications during pregnancy, particularly since pregnant women are likely to be excluded from randomised trials. We therefore undertook the first large UK populationbased study assessing the risk of maternal asthma and exposure to current asthma treatments during pregnancy on overall and system-specific major congenital malformations in offspring.
METHODS

Dataset and study population
The Health Improvement Network (THIN) is a computerised primary care database of anonymised patient records based in the UK, with a high standard of validated recording of diagnoses, medical events and prescriptions. 18 Rates of consultation, drug prescription and pregnancy are similar to national data sources. 19 20 For this study, longitudinal THIN records were available for 255 general practices across England and Wales.
Using prospectively collected data for women of childbearing age (15-50 years), we linked birthrelated codes in their record to live births of children registered in the same household at the time of delivery. Children were born between January 1988 and November 2004. We obtained 180 064 mother-child pairs with gestational data, within which we identified all major congenital malformations in the children and categorised them using the European Surveillance of Congenital Malformations (EUROCAT) classification 21 which separates malformations into 11 system-specific groups. We defined cases as liveborn children with one or more major malformation and for each case we identified up to six liveborn control children matched by year of birth, general practice and singleton or twin delivery. To test the validity of congenital malformation diagnoses we compared the prevalence of congenital malformations in our overall study population with that of the UK-based EUROCAT registries. We also compared the distribution of maternal age in trisomy 21 cases and controls to confirm the expected higher maternal age distribution in cases.
Statistical analyses
The unit of analysis was the child. Conditional logistic regression was used to assess the association of any major congenital malformation or any system-specific major congenital malformation with maternal asthma and maternal asthma drug treatment. Maternal asthma was defined on the basis of recorded diagnoses at any time before the delivery of the child or prescriptions for asthma medications issued at the general practice during pregnancy or in the year before pregnancy. Since some of the mothers had an asthma diagnosis but no asthma medication use and other mothers used asthma medications but had no diagnosis, we assessed the separate risk of congenital malformations in four groups: (1) children born to mothers with an all-inclusive definition of maternal asthma which was either diagnosed asthma or exposure to asthma maintenance medication; (2) children born to mothers with diagnosed asthma but no exposure to asthma maintenance medication; (3) children born to mothers with exposure to asthma maintenance medication but no asthma diagnosis; and (4) children born to mothers with both a diagnosis of asthma and exposure to asthma maintenance medication.
Asthma maintenance medications were classified as shortacting b agonists (fenoterol, salbutamol, terbutaline or bambuterol), inhaled corticosteroids (beclometasone, budesonide, fluticasone or mometasone), long-acting b agonists (formoterol or salmeterol), other bronchodilators (aminophylline, theophylline, ephedrine, orciprenaline, tiotropium or ipratropium) or other anti-inflammatory medications (sodium cromoglicate, nedocromil, montelukast or zafirlukast). In all children whose mothers had a record of asthma, we additionally assessed the association of congenital malformation with clinically reported maternal asthma exacerbations during pregnancy. An exacerbation was defined as a clinical code for an exacerbation, acute asthma attack or emergency hospital admission for asthma, or an oral corticosteroid prescription.
To test the teratogenicity of specific asthma drug groups we examined the risk of congenital malformation associated with gestational exposures to the asthma maintenance medications classified above as well as oral corticosteroids (betamethasone, cortisone acetate, deflazacort, dexamethasone, hydrocortisone, prednisolone or triamcinolone). Prescriptions issued by the general practice during the woman's pregnancy were used for gestational exposures. All prescriptions are issued electronically at the general practice by physicians or certified nurse practitioners, with the date of prescription and specific details of the drug name, formulation, dose and duration retained in the woman's electronic general practice record. For this study, gestational drug exposure was considered as having one or more prescriptions for any specific drugs within the drug classes listed above. We also conducted secondary analyses restricted to drug exposures in the first trimester of pregnancy only.
The models were adjusted for exact maternal age as a continuous variable and the effects of other potential confounding factors (maternal smoking, body mass index before pregnancy, household socioeconomic status measured by Townsend deprivation index 22 quintile, child sex, delivery before, at or after term) were assessed. Since some children in the study were born to the same woman (ie, some women contributed more than one pregnancy during the study period), we allowed for potential clustering by woman using robust standard errors. 23 Missing values for covariates were fitted as a separate category and all models were re-fitted using cases and controls with complete data.
Statistical power and multiple testing
Our study population size gave us over 95% power to detect an odds ratio (OR) of >1.2 for any major malformation associated with maternal asthma and over 90% power to detect an OR of 2.0 for most system-specific major malformations. To assess common gestational drug exposures (eg, short-acting b agonists), we had 90% power to detect an OR of 1.2 and to assess less common exposures (eg, oral corticosteroids) we had 95% power to detect an OR of 2.0. A significance level of 0.05 was used for these power calculations.
For our drug safety analyses, a large number of multiple comparisons were carried out in the gestational drug exposure assessment of six different drug families with malformations overall and with 11 system-specific groups. Some ORs will therefore be statistically significant at the 5% level by chance alone, while only ORs with highly significant p values (eg, p,0.01) should be considered as those more likely not to be due to chance. We present 95% confidence intervals for ORs but, in light of these multiple comparisons, we also provided exact p values to allow comprehensive interpretation of findings.
RESULTS
Validation of study population
The prevalence of a major congenital malformation in our population was 289 per 10 000 live births which was similar to the national prevalence for EUROCAT registries in the UK (238 per 10 000 births including live births, stillbirths, fetal deaths and pregnancy terminations). 24 This equated to 5200 children with major congenital malformations in our population of 180 064 children, and we successfully matched 5124 of these cases to 30 053 control children without malformation. These data confirmed an association between trisomy 21 risk and increasing maternal age (OR 1.65, 95% confidence interval (CI) 1.35 to 2.00 for each 5-year increase in maternal age).
Description of the case-control dataset
For all 5124 cases, maternal age at birth was similar to that for the 30 053 matched controls (table 1) . Compared with mothers of controls, mothers of cases were more likely to be obese before the pregnancy (OR 1.16, 95% CI 1.03 to 1.31) or to be underweight before the pregnancy (OR 1.19, 95% CI 1.00 to 1.42). Cases and controls had a similar proportion of mothers who were current smokers before the pregnancy (OR 1.00, 95% CI 0.92 to 1.08) and had the same distribution across levels of household socioeconomic status. More cases than controls were delivered before term (OR 2.62, 95% CI 2.21 to 3.11), and cases were more likely to be male (OR 1.32, 95% CI 1.25 to 1.40).
Associations of any malformation with maternal asthma
The proportion of mothers with either a diagnosis of asthma, exposure to asthma maintenance medication before the delivery of the child, or both (our all-inclusive definition of asthma) was 14% for cases with congenital malformation and 13% for matched control children (table 2) . Cases were marginally more likely than controls to have mothers with asthma in each of the four defined groups, ranging from a 6-17% relative increase. However, it was only in the all-inclusive definition of maternal asthma with the largest number of exposed cases that a statistically significant association at the 5% level was found. The highest relative increase in congenital malformation was in children born to mothers with diagnosed asthma but no asthma medication use, whereas the smallest was in children born to mothers with diagnosed asthma who were using asthma medications. Cases were no more likely than controls to have a mother with clinically reported asthma exacerbations in pregnancy (OR 1.09, 95% CI 0.65 to 1.82; p = 0.754).
In our assessment of gestational exposure to asthma medications, cases were as likely as controls to be exposed to each of the six asthma drug categories (table 2) . Most ORs for drug exposure were close to unity with the exception of exposure to other anti-inflammatory medications (OR 2.02, 95% CI 0.96 to 4.28; p = 0.065). This OR was based on only a small number of gestational exposures and all nine exposed cases were to cromones while, in controls, 26 were exposed to cromones and 1 was exposed to montelukast. We repeated all analyses using only first trimester gestational drug exposures and the results were similar to the overall analyses: short-acting b agonists (OR 1.01, 95% CI 0.86 to 1. In multivariate analyses of all defined maternal asthma groups and gestational drug exposures, none of the potential confounding factors (maternal smoking, body mass index before pregnancy, household socioeconomic status, child sex and term of delivery) changed our risk estimates by more than 10% (eg, fully adjusted OR 1.05, 95% CI 0.93 to 1.19 for maternal diagnosis and asthma medication before delivery), so all ORs presented are only adjusted for maternal age. The effect estimates were also similar when we repeated each analysis using only those with full data for covariates (eg, fully adjusted OR 1.07, 95% CI 0.88 to 1.29 for maternal diagnosis and asthma medication before delivery for 1730 cases and 10 138 controls with full covariate data).
Associations of system-specific malformation with maternal asthma
When we carried out analyses of maternal asthma (all-inclusive definition and grouped by diagnoses/medication use) and clinically reported exacerbations in pregnancy for the 11 major system-specific malformation groups, we found similar results to those for any major congenital malformation (full data available in additional tables published online only). All ORs were ,2.00 and had p values .0.01, with the exception of an association of musculoskeletal system malformations with the all-inclusive definition of maternal asthma (OR 1.25, 95% CI 1.06 to 1.47; p = 0.009) and with asthma medication but no diagnosis before delivery (OR 1.46, 95% CI 1.11 to 1.93; p = 0.007). The associations of system-specific malformations in children born to mothers with diagnosed asthma who were using asthma medications are presented in table 3.
For gestational exposure to asthma medications (table 3) , there was no evidence of an increased risk of system-specific malformations (ORs ,2.00 or p values .0.01), apart from a large relative increase in musculoskeletal system malformations in children born to mothers with gestational exposure to cromones (OR 9.38, 95% CI 2.31 to 38.10; p = 0.002) compared with no exposure; however, this was based on only five exposed cases (full data available in additional tables published in online supplement). The specific malformations in these five cases were congenital hip dislocation (n = 3), congenital shortening of leg (n = 1) and imperfect fusion of the skull (n = 1).
Malformations in the remaining four cases with gestational exposure to cromones also showed no consistent pattern; one child had major congenital malformation of the lacrimal passages, one had cleft palate with bilateral cleft lip, one had Down's syndrome with ventricular septal defect and one had hypospadias.
DISCUSSION Principal findings
The results of this first UK general population-based study show that the risk of major congenital malformation in children born to mothers with asthma is similar to that in children born to mothers without asthma. Cases were only marginally more likely than controls to have mothers with asthma in each of our defined groups of maternal asthma, and there was only a statistically significant association at the 5% level when the number of maternal asthma-exposed cases was highest and hence statistical power greatest. Since the effect seen here was small (10% increase) and was not present for cases whose mothers were treated for asthma, this pattern of results overall does not support an increased risk of malformation in children born to women with asthma.
Gestational exposure to asthma therapies did not appear to increase the risk of any major congenital malformation or system-specific malformation, providing evidence of their general safety in pregnancy. The only exposure of possible concern was a marked increase in the risk of musculoskeletal malformations associated with cromone anti-inflammatory medications based on a small number of exposed cases.
Strengths and limitations
We have conducted the largest comprehensive multivariate analysis in the UK population to assess the potential teratogenic effects of current asthma medications associated with overall *Reference groups are mothers with no prescriptions for the selected drug group in pregnancy. {Proportion of cases or controls whose mothers had a diagnosis or at least one selected drug prescription in pregnancy. {Odds ratios (95% confidence intervals) adjusted for maternal age at birth of case or control child; maternal smoking status, body mass index, socioeconomic status, sex of the child, gestation of pregnancy had no confounding effects. 1Any asthma medication except oral corticosteroids during pregnancy or in the year before the pregnancy. "Aminophylline, theophylline, ephedrine, orciprenaline, titropium or ipratropium. **Cromoglicate, nedocromil, montelukast or zafirlukast.
and system-specific malformations. Our data were obtained from a national database of prospectively collected clinical records, thus excluding the possibility of recall bias in our exposures of maternal asthma and prescription medication use. Although THIN is a relatively new database, respiratory diagnoses and perinatal outcomes in the General Practice Research Database (GPRD), a similar database from which over half of THIN practices originate, have shown high validity and completeness. 25 26 A recent study also demonstrated that non-GPRD practices in THIN have the same high standard of data validity as GPRD practices. 18 In assessing the external validity of our study, our populationbased prevalence of current asthma in women of child-bearing age is similar to both UK 27 and US 1 national figures. Since congenital malformations have not previously been investigated in THIN, we compared prevalence figures for any malformation and system-specific malformations in our study population with those from UK registries of EUROCAT over the same time period and found these to be similar. 24 We also demonstrated the expected increase in risk of having a child with trisomy 21 for women of older maternal age in our data.
Our study power enabled us to assess the effects of potential confounding factors in multivariate analyses for each drug exposure with overall and system-specific malformation. We recognise the presence of some missing data for maternal smoking (23%), body mass index (36%) and socioeconomic status (43%). At the time of data collection, THIN were only able to provide Townsend deprivation index-our measure of socioeconomic status-for 176 of the 255 general practices because the process of integrating this variable into the database for research purposes was in development. Although the proportion of missing data for each covariate was the same between cases and controls, we repeated analyses using only those with full data for covariates and obtained similar effect sizes to the overall analyses.
All studies using repeated statistical analyses to assess several drug exposures in one population are at risk of revealing spurious associations because high numbers of multiple comparison tests result in statistically significant p values by chance alone, and it is important to consider whether these associations are causal. Studies of drug safety typically use a 5% level for statistical significance (p,0.05) but, in consideration of Table 3 Risk of major system-specific congenital malformation in children born to mothers with actively treated diagnosed asthma and in children with gestational exposure to asthma medication Proportion of cases or controls exposed to one or more asthma medications during pregnancy. {Odds ratios (95% confidence intervals) adjusted for maternal age at birth of case or control child; maternal smoking status, body mass index, socioeconomic status, sex of the child, gestation of pregnancy had no confounding effects. 1Children with more than one malformation are counted only once in ''any congenital malformation'' total. "Children with more than one malformation in the same system-specific group are counted only once in each system-specific malformation total.
the multiple comparisons in our study, ORs with highly significant p values (p,0.01) should be considered most likely to be real effects not due to chance. Only the association of musculoskeletal malformation with cromone medications had a p value smaller than this (p = 0.002); however, cromone exposure was still extremely rare and thus statistical power was low, so this result should be interpreted with caution. Furthermore, there was no consistent pattern in specific types of malformation associated with the exposure. Exposure to newer leucotriene receptor antagonists was also rare in this population, which limited a current assessment of their teratogenic safety in pregnancy.
Interpretation in context of previous studies
Most previous studies have found no relative increase in congenital malformation in children born to mothers with asthma compared with those born to mothers without asthma, [28] [29] [30] [31] [32] [33] [34] [35] which is in keeping with our results of currently active asthma in women. Only three of these studies had adequate statistical power and adjusted for potential confounding factors. [28] [29] [30] A study of approximately 600 children with malformations reported a relative increase of congenital malformation in children born to mothers with asthma 36 and, although the largest study of over 20 000 malformations in Hungary 13 found a marginal increased risk overall (OR 1.2, 95% CI 1.0 to 1.3), the only system-specific malformation to reach statistical significance at the 5% level was club foot, which the authors attribute to more preterm births in women with asthma.
Regarding asthma treatment in pregnancy, in 2000 Jadad 12 emphasised the need for large observational studies as the only current way to assess the safety of conventional and new asthma medications. However, a 2005 report again raised the lack of sufficient data. 17 The British Thoracic Society (BTS) continues to grade asthma medications as C or D, 6 which provide the weakest evidence for safety in pregnancy. The US Food and Drug Administration (FDA) classifies asthma medications as B or C, 37 which stipulate that only animal studies have provided evidence against teratogenicity and there are no adequate human data to estimate true risks. although only two previous studies 13 14 had adequate statistical power to test the effects of varying asthma medications and only one 14 could adjust these for potential confounders. In the largest study, Kallen et al found an OR of 1.09 (95% CI 1.03 to 1.15) for any congenital malformation in offspring associated with maternally-reported exposure to any anti-asthmatic drug reported at initial maternal healthcare visits in pregnancy. They reported small statistically significant increases in severe cardiac defects, orofacial clefts and anal atresia, although they stated these may have been chance findings. They did not present a teratogenic assessment of specific exposure to gestational cromones or to oral corticosteroids, although cromoglicic acid was included in the overall group of anti-asthma drugs. In another case-control study, Tamasi et al 13 only found an increased risk of malformation associated with gestational fenoterol exposure (unadjusted OR 1.6, 95% CI 1.3 to 2.0) but not with cromones or other specific medications, although they did not assess gestational drug exposures with system-specific malformations. Relative methodological differences to our study include asthma drug exposures that were recorded via postal questionnaires to mothers after the birth of the child in the study by Tamasi et al, probable differential ascertainment of information between mothers of cases and controls, inclusion of minor malformations such as club foot and undescended testis, and an earlier study period (1980-96) resulting in less asthma medication use overall and rare use of newer asthma therapies such as longacting b agonists. 13 15 16 In an early 1982 case series, Wilson 41 reported that, among 296 women exposed to sodium cromoglicate in pregnancy, only 4 (1.4%) of their offspring had congenital malformations which was lower than the 2-3% . {Statistically significant increase in malformation with gestational drug exposure (at 5% level). {Mostly major malformations but included some minor (clubfoot, pyloric stenosis, undescended testis). 1Although system-specific malformations had no generally consistent pattern and statistically significant associations found only for severe cardiac defects, orofacial clefts, anal atresia. "Other bronchodilators: aminophylline, theophylline, ephedrine, orciprenaline, tiotropium or ipratropium. **Other anti-inflammatories: cromoglicate, nedocromil, montelukast or zafirlukast. CS, corticosteroid (unspecified formula); ICS, inhaled corticosteroid; LABA, long-acting b agonist; OCS, oral corticosteroid; SABA, short-acting b agonist.
